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We present a simple and robust approach to reduce laser speckle, which has limited the adoption of lasers in imaging and display 
applications. We use colloidal solutions that can quickly reduce speckle contrast due to the Brownian motion of the scattering 
particles. The high insertion loss associated with propagation through a colloidal solution was overcome by using white paint to 
cover the sides of the cuvette and an optical fiber to deliver the laser light deep into the colloidal solution, enabling transmission 
greater than 90%. The diffused laser output followed a Lambertian distribution and produced speckle contrast below 4% at an 
integration time of 129 μs. The ability for colloidal solutions to achieve fast speckle reduction without power consumption while 
maintaining high transmission, low cost, a compact size, and a long lifetime, makes our approach useful for a wide range of laser 
imaging and projection applications. © 2012 Optical Society of America 
OCIS codes: 110.0113 , 170.0110, 120.6150. 
1. Introduction 
Lasers offer a number of potential advantages in imaging and 
display applications [1]. Compared with thermal sources or light 
emitting diodes (LEDs), lasers offer more power per mode for full-
field imaging, enabling higher signal-to-noise ratio images of 
dynamic phenomena, and wavelength-selective excitations for 
fluorescent and photochemical imaging. However, the adoption of 
lasers in imaging applications has been limited due to the 
presence of coherent artifacts such as laser speckle. Speckle is a 
consequence of the high spatial coherence intrinsic to most lasers 
[2,3] and occurs due to interference of light with random phase 
delays. In imaging applications, scattering caused by surface 
roughness or environmental index variation introduces these 
phase delays, resulting in artificial intensity modulations which 
corrupt image formation and impair human ability to interpret 
images [4,5]. As a result, there has been considerable effort in 
developing efficient methods to suppress laser speckle [1,3,6]. 
While it is possible to generate laser emission with low spatial 
coherence, for instance using a long multimode fiber and a 
broadband laser [7-10] or by fabricating an array of mutually 
incoherent lasers [11], or tailoring the spatial coherence of 
random lasers [12,13], these techniques cannot be applied to 
reduce the speckle of an arbitrary off-the-shelf laser operating at 
any frequency and bandwidth. Instead, most speckle reduction 
techniques generate different speckle patterns sequentially and 
perform the speckle averaging in time to reduce the effective 
speckle contrast. The speckle contrast, C, is defined as C = I /<I> 
where I is the standard deviation of the intensity and <I> is the 
average intensity.  Human observers can detect speckle with 
contrast >4% [14]. Since the contrast scales as C = M −1/2 where M 
is the number of independent speckle patterns [3], at least 600 
uncorrelated speckle patterns should be averaged for most 
applications. The problem, then, is how to generate uncorrelated 
speckle patterns quickly and with a minimum loss of input 
intensity. In addition, many applications will also have 
constraints regarding the power consumption, cost, lifetime, and 
size of the speckle averaging device. 
Uncorrelated speckle patterns can be produced by light with 
different polarizations, wavelengths, incident angles, or incident 
phase fronts. A simple approach to generate many speckle 
patterns is using a moving diffuser such as ground glass [15]; 
however, mechanical systems are typically slow and 
cumbersome. More recently, the same conceptual approach has 
been realized using MEMS based deformable mirrors [16], 
spatial light modulators [17,18], liquid crystals [19], or diffractive 
optical elements [14,20]. While these methods offer faster speckle 
contrast reduction, they still require external power and can be 
expensive. A solution of colloidal particles acts as a moving 
diffuser without external power. Instead, room temperature 
Brownian motion is sufficient to quickly generate uncorrelated 
speckle patterns [2,21]. However, the transmission is low, as 
most light is scattered away from the forward direction. 
In this paper, we developed a technique to overcome the low 
transmission which has limited the adoption of colloidal solutions 
in speckle reduction systems. We demonstrated that the 
transmission of a laser beam through a colloidal dispersion can 
be enhanced by orders of magnitude. This technique is applicable 
to any laser, regardless of its frequency, bandwidth, and 
polarization. It makes a colloidal solution an ideal system to 
provide low-loss, high-speed speckle contrast reduction, with the 
advantages of being compact, low cost, robust, and having no 
power consumption. Further, by controlling the chemistry and 
electrostatic charge of the particles, colloidal solutions can be 
engineered to be stable for years enabling a long lifetime [22]. 
In a solution of colloidal particles, the correlation time of an 
individual speckle is given as [23]: td = 𝜏0 [lt /L ]2, where 𝜏0 is the 
diffusion time, lt is the transport mean free path, and L is the 
system size. This expression holds in the diffusive regime where 
L is much larger than lt. The diffusion time describes the time 
required for a particle to diffuse a distance equal to the optical 
wavelength, λ, and is defined as  
𝜏0 = 1/[k2D ], where k = 2π/λ is the wavenumber and D is the 
diffusion coefficient [23]. In this work, we used a colloidal solution 
consisting of TiO2 particles (Dupont Ti-Pure R-900, radius=205 
nm) in water, and employed a continuous-wave (CW) narrow-
band laser operating at a wavelength of 532 nm (Coherent Verdi 
5 W). Under these conditions, the diffusion time is ~2.9 ms. The 
density of TiO2 particles in suspension is 2×1010 cm-3, giving a 
transport mean free path of ~100 μm. For L=5 mm, the 
decorrelation time is ~1 μs. Recall that to avoid human 
observation of speckle, the contrast should be reduced to below 
4%, requiring ~600 uncorrelated speckle patterns to be averaged. 
If the incident light is unpolarized, or the sample is depolarizing 
(which occurs if light undergoes multiple scattering), then the 
speckle pattern can be decomposed into two orthogonal 
polarizations and the contrast observed within the decorrelation 
time will be reduced by a factor of 2  [3]. In our system, multiple 
scattering through the colloidal solution also depolarizes the 
laser. Since we effectively generate two uncorrelated speckle 
patterns within the decorrelation time, the integration time 
required to achieve ~4% contrast is ~300 μs. Of course, if a 
human observer is directly viewing the image, then we would 
only need to generate ~600 speckle patterns within the 
integration time of the human eye, which is typically reported as 
~20 ms [21]. However, in the more general case when a camera is 
used to record fast temporal dynamics, colloidal particles enable 
speckle reduction at much shorter integration times. Moreover, 
speckle contrast could be reduced even more quickly by 
increasing L.  Unfortunately, increasing L also has the adverse 
effect of decreasing the transmission, which scales as lt/L [24]. 
Thus in our system with L = 5 mm, we expect a transmission of 
~0.02. Next, we present a design that greatly improves the 
transmission which has limited the adoption of colloidal solutions 
in speckle reduction systems. 
2. Enhanced transmission through a colloidal solution 
As the thickness of the scattering solution increases, more of the 
light is reflected than transmitted. This can be seen qualitatively 
in Fig. 1(a), where a laser beam is incident from above a colloidal 
solution contained in a glass cuvette and the majority of the light 
is scattered back out the top of the cuvette. To minimize the 
reflection, we used an optical fiber to deliver the laser light deep 
into the colloidal solution.  We used a single mode fiber in this 
work, although we expect similar performance from a multimode 
fiber. In Fig. 1(b), we show the same cuvette with the fiber 
delivering the laser light into the solution. In this case, more of 
the light is transmitted than reflected back through the top (since 
there is more scattering solution above the fiber tip than below 
it); however, significant amounts of light are lost to the sides. To 
overcome this issue, we first thought to coat the sidewalls of the 
cuvette with a metal film to confine light in the scattering 
solution and keep it from leaking out the sides. However, metals 
are lossy and the diffusive light could undergo many reflections 
from the sidewalls and suffer significant absorption. Instead, we 
opted to coat the sides of the cuvette with a thick layer of white 
paint which is highly reflective and has negligible absorption. 
Figure 1(c) shows the optimized speckle reduction system in 
which a fiber delivers the laser emission into a painted cuvette. 
The diffuse laser light appears to be efficiently channeled 
through the clear base of the cuvette. 
Fig. 1. (Color Online) (a) Photograph of a colloidal solution in a clear glass 
cuvette. A CW laser at 532 nm is coupled to a single mode fiber and the 
output from the fiber tip is incident from free space above the colloidal 
solution of TiO2 particles in water (the particle density is 2x1010 cm-3). The 
incident light is primarily scattered at the top of the solution with very 
little propagating through the base of the cuvette. (b) The same colloidal 
solution in a glass cuvette with the fiber tip delivering the laser light deep 
inside the colloidal solution. In this case, emission is seen leaving the base 
of the cuvette, as well as the sides. (c) The same colloidal solution is 
contained in a cuvette with white paint covering the sides. Again a fiber is 
used to deliver the laser light deep into the colloidal solution. Strong 
output is observed through the base of the cuvette. (d) Schematic of the 
setup shown in (c). The fiber tip is at a distance L from the base of the 
cuvette and the total thickness of the solution in the cuvette is t. After 
multiple scattering in the colloidal solution, most of the diffusive light 
escapes through the base of the cuvette, and the output has an angular 
distribution similar to a Lambertian source. (e) Fraction of light collected 
by the detector shown in (d) as the colloidal solution was gradually added 
to the cuvette. The fiber tip was fixed 4 mm from the base of the cuvette. 
Initially, the transmission decreases as colloidal solution is added until the 
tip of the fiber is submerged. Adding solution above the fiber tip increases 
the transmission until it saturates at ~0.18. (f) Measured transmission in 
(c) was compared to that in (a). The fraction of light collected by the 
detector (collection efficiency) is denoted on the left axis and the calculated 
transmission assuming the transmitted light follows a Lambertian 
distribution is shown on the right axis. The solid blue circles represent the 
transmission as the fiber was moved away from the cuvette base inside 
the solution. In this experiment, ~30 mm of solution was placed in the 
cuvette to ensure the transmission was saturated as observed in (e). The 
open red circles represent the transmission through different thicknesses 
of the same colloidal solution contained in an un-painted cuvette with the 
laser beam incident from free space above the solution. 
We then set out to quantitatively evaluate the transmission 
properties of the optimized system. We first evaluated the 
thickness of solution required above the fiber to maximize the 
transmission. This experiment is shown schematically in Fig. 
1(d). The fiber was held at a fixed distance from the base of the 
cuvette (L ~ 4 mm) and we gradually increased the thickness of 
the solution (t). As shown in Fig. 1(e), the intensity measured at 
the detector originally decreases as solution is added, because 
more light is scattered back. Once the fiber tip is submerged in 
the solution, the reflection from the tip of the fiber is reduced due 
to the lower index contrast between the fiber core and the 
colloidal solution as compared to the index contrast between the 
fiber core and air. Adding more solution above the fiber tip 
further increases the transmission, because light that is initially 
scattered backwards may be further scattered into the forward 
direction and escape through the base of the cuvette. The 
collection efficiency saturates when the thickness of the solution 
above the fiber (t−L) is much larger than the distance to the base 
of the cuvette (L) so that the escape of light through the top 
surface of the colloidal solution is eliminated. 
We then compared the transmission of our optimized system 
(painted cuvette with emission delivered via fiber) with the 
transmission through the same colloidal solution in an un-
painted glass cuvette with emission incident from free space. In 
Fig. 1(f), we present the transmission for the two configurations. 
In the case of the painted cuvette, 30 mm of solution was kept in 
the cuvette at all times and L describes the distance from the 
fiber tip to the base of the cuvette. In the case of the clear cuvette 
where the laser beam is incident from free space, L describes the 
total thickness of the solution. Using the fiber coupling technique, 
we observed more than an order of magnitude enhancement of 
transmission and a slower decay with L. 
Fig. 2. (Color Online) (a) Schematic of the experimental setup used to 
measure speckle contrast. The diffused laser emission was collimated by a 
lens and incident onto a scattering film (S). The transmitted light was 
imaged onto a CCD camera by an objective lens (Obj). (b) Without a 
colloidal solution, speckle is observed with contrast C = 0.34. (c) Using the 
fiber-coupled colloidal solution (L = 5mm in a painted cuvette), speckle is 
suppressed with C = 0.032. (d) Measured speckle contrast as a function of 
the distance L between the fiber tip and the base of the cuvette. The 
integration time was fixed at 129 μs. (e) Based on the speckle contrast in 
(d), the number of independent speckle patterns averaged during the 129 
μs integration time and the decorrelation time of a speckle pattern were 
estimated at different L. 
Our measurement shown in Fig. 1(e) reveals that the fraction 
of the original laser intensity collected by our detector saturated 
at ~0.18; however, we did not observe any light penetrating 
through the paint or reflected back through the top of the cuvette. 
To account for the rest of the input light, we noticed the finite 
collection angle of the photodetector, which was placed 1 cm 
away from the base of cuvette. Since we did not use any collection 
optics, e.g. a lens, light that leaves the base of the cuvette at 
shallow angles would miss the detector. We then calculated the 
fraction of light that reaches the detector assuming the output 
from any point on the base of the cuvette followed a Lambertian 
distribution. Based on the 0.8 cm diameter of the cuvette and the 
1 cm diameter of the photodetector, we found that only ~20% of 
the output from the cuvette base would hit the detector. Thus, 
the combination of painting the cuvette and fiber coupling 
effectively channels most of the input light through the base of 
the cuvette. The collection efficiency can be further increased by 
reducing the cuvette diameter or using collection optics for the 
diffused output. We expect most of the diffused laser emission 
could be directed onto a target by employing the efficient means 
that have been developed for collecting emission from a 
Lambertian source, e.g., LEDs [25,26,26]. 
3. Speckle contrast reduction using a colloidal solution 
Having mitigated the problem of low transmission, we then 
confirmed that the colloidal solution provided fast speckle 
contrast reduction. To do this, the output from the base of the 
cuvette was collimated onto a thin scattering film consisting of 
dry TiO2 particles on a coverslip using a lens (diameter = 2.54 cm, 
focal length = 2.54 cm). The far-field pattern of transmitted light 
was projected onto a charge coupled device (CCD) camera 
(Moticam 2300 ) by an objective lens (5×, NA=0.1). A schematic of 
the experimental setup is shown in Fig. 2(a). In the absence of 
the colloidal solution (i.e. with an empty cuvette) speckle was 
observed, as shown in Fig. 2(b). The speckle contrast in the 
absence of the colloidal solution was found to be 0.34. Note that 
fully developed speckle of single polarization exhibits contrast of 
1. The observed contrast was reduced by the combination of 
several effects. First, the laser emission transmitted through the 
single mode fiber was unpolarized and thus produced two 
uncorrelated speckle patterns which reduced the contrast by a 
factor of 2 .  Second, cracks in the TiO2 film allowed ballistic 
transport of light which manifests as a constant background in 
the speckle image, reducing the observed contrast. Finally, the 
finite pixel size of the camera introduced spatial averaging which 
also contributed to reduction of the observed speckle contrast. 
Nonetheless, speckle contrast of 0.34 is clearly prohibitive in 
imaging applications. 
Fig. 3. (Color Online) (a) The CW laser output from the fiber-coupled 
colloidal solution in a painted cuvette was used to illuminate an AF chart, 
which was imaged in transmission through a static scattering film (S) onto 
a CCD camera. (b) Image of the AF chart without the colloidal solution. 
Speckle formation corrupted the image. (c) Image of the AF chart with the 
colloidal solution. The speckle contrast was greatly reduced and the 
features of the AF chart are clearly visible despite the scattering film. The 
integration time of the CCD camera was adjusted in (b) and (c) to fully 
utilize the dynamic range of the CCD camera. 
We then added 30mm of solution to the cuvette and recorded 
speckle images with the fiber at varying distances from the base 
of the cuvette (L). The integration time was fixed at 129 μs. Even 
at this short integration time, the colloidal solution effectively 
suppressed the speckle, as shown in Fig. 2(c) for L = 5 mm. In 
Fig. 2(d), we plot the speckle contrast, which decreases with L. 
The contrast was calculated as C = I /<I> where I is the 
standard deviation of the intensity at each pixel and <I> is the 
average pixel intensity of the entire image. Based on the 
measured contrast, we estimated the number of uncorrelated 
speckle patterns which were averaged as M = (C0/C )2, where C0 
is the speckle contrast recorded without the colloidal solution (C0 
= 0.34). Given the number of uncorrelated speckle patterns, we 
then estimated the time required to generate a new speckle 
pattern by dividing the integration time by M, as shown in Fig. 
2(e). We found that the colloidal solution generated uncorrelated 
speckle patterns in ~1 μs. 
Finally, we demonstrated that the ability of the colloidal 
solution to reduce speckle results in a dramatic improvement of 
imaging quality. The imaging experiments were performed in 
transmission, as shown schematically in Fig. 3(a). The emission 
from the base of the cuvette was directed onto a US Air Force 
(AF) resolution test chart and subsequently imaged onto a CCD 
camera. A static scattering film was placed between the AF chart 
and the imaging objective to simulate imaging through a 
scattering medium. Without a colloidal solution, speckle is 
formed throughout the image, as seen in Fig. 3(b), drastically 
degrading the image. By introducing a colloidal solution, speckle 
is greatly suppressed and the features on the AF chart can be 
clearly seen through the static scattering film, which merely 
increases the background level throughout the image. 
4. Conclusion 
In summary, we have presented a simple and robust technique 
to achieve high transmission through a colloidal solution 
enabling fast speckle contrast reduction. The colloidal solution is 
low cost, compact, requires no external power, and can have a 
long lifetime. The alignment of the fiber is not critical, allowing 
for mechanically robust operation, and the device performance is 
not affected by typical fluctuations in the ambient temperature. 
The speckle contrast was reduced to below 0.04 at an integration 
time of 129 μs. We also confirmed that the reduced speckle 
contrast translated to higher quality images. This work 
demonstrates the potential for colloidal solutions to be used in a 
wide range of laser imaging applications. 
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